The aerodynamic heating to a super-orbital reentry capsule with ablation heat protection was studied numerically by using thermochemical nonequilibrium full-viscous-shock layer (VSL) equations. A species model composed of 11 air species and 6 carbonic species was used. In the case of the super-orbital reentry, radiative heat flux to the wall cannot be neglected. The intensity of emission spectrum is strongly dependent on rotational, vibrational, electron and electronic temperatures, so that a thermal nonequilibrium analysis is needed to predict these temperatures more accurately. Therefore, a 3-temperature model composed of translational-rotational, vibrational and electron-electronic temperatures was adopted. Stagnation heat fluxes to the wall with and without ablation were calculated at various wall temperatures. Results for the reentry flight conditions at an altitude of 64 km showed that the stagnation heat fluxes with and without ablation are almost equal below a wall temperature of 3,200 K, whereas at wall temperatures over 3,200 K, the stagnation heat flux is reduced owing to significant sublimation of ablation material.
Introduction
In a sample-return mission, a capsule is to enter into the earth's atmosphere directly from a hyperbolic earth-return trajectory. Therefore, the atmospheric entry speed of the capsule is over 12 km/s, leading to generation of a very strong shock wave around it, whereby the shock layer gas is much more highly heated than it would be in a normal earth orbital reentry. Hence, it is predicted that not only convective heat flux but also radiative heat flux will be stronger in the super-orbital reentry than in the earth orbital reentry. An ablation technique is adequate to protect against such a large heat flux in super-orbital reentry. To effectively design a thermal protection system with ablation, it is important to reveal the role of ablation material in reducing the aerodynamic heating.
In the case of super-orbital reentry, radiative heat flux to the wall cannot be neglected.
1) The radiation intensity is strongly dependent on rotational, vibrational, electron and electronic temperatures, so thermal nonequilibrium treatment is necessary. The original heat shield of a capsule is made of carbon-reinforced resin, which will lead to a carbonic char layer near the surface during atmospheric entry. Carbonic species will be injected from the surface of this carbonic ablator and, as a result, they may influence radiative heat flux.
The present study is the extension of a previous study 1) of aerodynamic heating to an ablating super-orbital reentrycapsule. Therefore, the system of governing equations, transport properties, energy exchange and air chemistry are basically the same as those in the previous work. The present analysis uses a 3-temperature model composed of translational-rotational, vibrational and electron-electronic temperatures. Nonequilibrium chemistry is represented by using an 11-air-species model and a 6-carbonic-species model. Furthermore, radiative heat flux to the wall is estimated using SPRADIAN, which is the computational code for estimating spectral intensity and radiative heat flux developed by Fujita and Abe.
2) The present calculations were made using the geometry of the MUSES-C capsule and its reentry flight conditions. 3) Suzuki et al. 4) made numerical calculations of a nonequilibrium flow around the MUSES-C capsule with ablation heat protection during atmospheric entry. Using a thermal equilibrium model, they investigated the mass loss of the ablating surface, mass fraction of ablation species and stagnation convective heat flux. The present results are compared with their results.
Analysis Method

Governing equations
The flow over the MUSES-C capsule during the atmospheric entry is taken to be axisymmetric. As described earlier, thermal nonequilibrium is expressed by a 3-temperature model composed of translational-rotational, vibrational and electron-electronic temperatures. Rotational temperature is assumed to be in equilibrium with translational temperature. In addition, it is assumed that the electronic temperatures of N, N þ , O, O þ and O 2 are equal and fully equilibrated with the electron temperature. Chemical nonequilibrium is described with 11 air species and 6 carbonic species. The governing equations are the viscous shock layer (VSL) equations formulated for a multi-component gas flow in thermochemical nonequilibrium, which are composed of overall continuity, tangential momentum, normal momentum, translational-rotational energy, vibrational energy, electron-electronic energy and species conservation equations. The equations are basically the same as those used in the previous work.
1 ) The VSL equations are obtained from the steady-state Navier-Stokes equations by retaining terms up to the second order in the Reynolds number parameter defined by ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi A system of governing equations is applied to the analysis of the flow over the MUSES-C capsule. The forward-facing configuration of the MUSES-C reentry capsule is approximated by a hyperboloid with a nose radius of 20 cm and a semi-apex angle of 45 as
where r is the distance of the body surface from the axis, z is the axial coordinate, and R n is the nose radius. Emission and absorption of radiation are not considered in the VSL analysis. Radiative heat flux is estimated from the results of the VSL analysis.
Chemistry of air and ablation species
We use an 11-air-species model consisting of
and e À where the freestream air is 76.5% N 2 + 23.5% O 2 . The reactions of these 11 air species are the same as those used in a previous work. 1) In the ablation analysis, 19 chemical reactions caused by 6 carbonic species (C, C 2 , C 3 , CO, CO 2 , CN) are added to the air chemistry. Reactions related to carbonic species are shown in Table 1 and the rates of these reactions are taken from Blottner.
5)
Boundary conditions
No-slip conditions (u ¼ v ¼ 0) are imposed at the wall. Wall boundary conditions for air species are given by either non-catalytic wall (NCW) condition ð@C i =@yÞ w ¼ 0 or fully catalytic wall (FCW) condition C i ¼ C i1 , where C i is the mass fraction of species i and the subscript 1 denotes the freestream. These conditions are applied only to the analysis without ablation. Species wall conditions with ablation are described later. The wall temperature T w range is specified as 2,500 K to 3,700 K. The vibrational temperature of the gas on the wall is assumed to be equal to the wall temperature.
The boundary condition of the electron temperature T e is given by 6) @T e @y
where n e is the electron density, ! e is the electron thermal conductivity, y is the coordinate normal to the wall, m e and m i are the mass of an electron and the mass of an ion, respectively, k is the Boltzmann constant, and the subscript 'w' refers to wall. Equation (1) was derived from the analysis of the ionic energy transported from the sheath to the wall at a floating potential. The mass of N þ is used for m i in Eq. (1), because, as shown later, the mole fraction of N þ is sufficiently large at the wall compared to those of other ionic species in the present conditions. Boundary conditions immediately behind the shock are given by shock jump conditions modified by shock slip conditions. 7) However, vibrational temperature and electron temperature are assumed to be equal to the freestream temperature.
In the ablation analysis, we consider oxidation by atomic oxygen and the sublimation of C 3 as ablating boundary conditions. Oxidation by O 2 is not considered because the reaction probability is negligibly small in comparison to that of oxidation by atomic oxygen. Mass fluxes of O and CO due to oxidation are given, respectively, by
where
M CO and M O are the molecular weights of CO and O, respectively, T w is the wall temperature and R is the gas constant. The reaction probability is given as 8) ¼ 0:63 expðÀ1160=T w Þ ð 5Þ
The sublimation of C and C 2 is not considered, because Table 1 . Chemical reactions of six carbonic species.
their equilibrium vapor pressures are much lower than that of C 3 . The mass flux due to sublimation of C 3 is given by the Hertz-Knudsen-Langmuir relation 5)
where P e,C 3 and P C 3 are equilibrium vapor pressure and partial pressure, respectively. C 3 and P e,C 3 are given by Blottner 5) as
where A s ¼ 4:3 Â 10 15 , n s ¼ À1:5 and E s ¼ 97597:0. On the other hand, diffusive mass fluxes of O, CO and C 3 to the wall are expressed as
where X i and D i are the molar fraction and effective diffusion coefficient of species i, respectively, and are given by
In Eqs. (12) and (13), M i is the molecular weight of species i, " i is the viscosity of species i, M is the mixture molecular weight given by 1= P i ðC i =M i Þ, and È i; j is expressed as
The gradient of the mass fraction for C, C 2 , CN and CO 2 on the wall is assumed to be zero. Either the NCW condition or FCW condition is used as the wall boundary conditions for air species. Namely, on the NCW, the zero gradient of mass fraction of air species other than O is imposed. On the FCW, the mass fraction of N 2 is set to its freestream value and the zero mass fraction is imposed for air species other than N 2 , O 2 and O. It is assumed that O is not recombined into O 2 even on the FCW and that O species are consumed by oxidation. Therefore, the zero gradient of the O 2 mass fraction was imposed on the FCW. The wall boundary condition of O can be derived from Eqs. (2) and (9) . Likewise, the wall boundary conditions of CO and C 3 are determined by the combination of Eqs. (3) and (10), and that of Eqs. (6) and (11), respectively. It is assumed that ablation gas is injected perpendicularly to the wall and hence velocities on the wall may be given by
where u w and v w are the tangential and normal velocities to the wall, respectively. Consequently, the wall condition for pressure can be written as @p @y
2.4. Radiation calculation Spectra and radiative heat flux were calculated with the SPRADIAN code.
2) In this analysis, the VSL calculation was not coupled with the calculation of radiative heat transfer. Radiation analysis was performed in a non-coupled manner, using translational temperature, vibrational temperature, electron temperature and species number densities on the stagnation streamline calculated by the VSL code. Necessary rotational temperature and electronic temperature were set to equal translational temperature and electron temperature, respectively. In the estimation of radiative heat flux, the spherical cap model was used for integration of the heat transfer equation. This code can be applied to a temperature range up to 100,000 K and includes not only visible spectra but also UV and VUV spectra of high-temperature air. Moreover, spectra of carbonic species (C, C 2 , CN, etc.) are treated in this code. 9) Therefore, this code is suitable to obtain spectra from high-temperature air containing ablated carbonic species and to estimate radiative heat transfer.
Heat flux estimation
In general, overall heat-flux to wall q w is expressed as the sum of thermal conduction and enthalpy transported by diffusion as
where h s is the enthalpy of species s containing species formation energy, J s is the diffusive mass flux of species s, T is the translational temperature, T v is the vibrational temperature, and ! tr , ! r and ! v are the translational, rotational and vibrational thermal-conductivities, respectively. The transport properties are evaluated according to Gupta et al.
10)
Method of solution
In the VSL analysis, the equations of tangential momentum, translational-rotational energy, vibrational energy, electron energy and species mass conservation are written in the same standard parabolic form as Miner and Lewis. 7) These equations are rewritten in a tridiagonal matrix using a second-order finite-difference method. The tridiagonal matrix is easily solved using the Thomas algorithm. The overall continuity equation, when integrated, yields both the normal velocity and the shock-layer thickness. The normal momentum equation is used to obtain pressure.
First, the VSL equations on the stagnation streamline are solved. Next, the downstream portion is calculated by a space-marching method where the shock profile is assumed to be parallel to a body surface. Then, shock layer properties are determined and the shock profile is refined. For the new shock profile, the VSL equations are newly solved iteratively until shock layer properties do not change. In the present calculation, 101 grid points are put between the body and shock in a direction normal to the body. Grid points are especially clustered in the vicinity of the shock and wall where flow properties change rapidly. The present mesh size was determined after tests of the effect of mesh size on the numerical results.
Results and Discussion
All ablation analyses were performed by using the reentry flight speed of MUSES-C of 11.36 km/s at an altitude of 64 km. Figures 1 and 2 show the species mole fractions on the stagnation streamline for T w ¼ 2;500 K. In this analysis, the wall was assumed to be non-catalytic. It can be seen that dominant species are N, O, N þ and e À , and the degree of ionization becomes fairly high. The mole fraction of electrons increases in the region from 0.5 to 0.3, which is attributed to the electron-impact ionization
The rate coefficient for this reaction is intrinsically large because of the high thermal speed of electrons. If electron temperature and density rise above certain high values, this process occurs as a chain reaction. It is said that this phenomenon, called ''Avalanche Ionization,'' is a characteristic of a super-orbital flight velocity.
11)
In Fig. 2 , mole fractions of carbonic species on the stagnation streamline are plotted against the distance normalized by the shock layer thickness y sh for T w ¼ 2;500 K. In this figure, CO, C, CN and CO 2 can be identified. Of these species, CO is dominant near the wall while C takes the place of CO away from the wall. In the case of such a relatively low wall temperature as 2,500 K, the ablation caused by sublimation is not active and CO is injected from the wall by oxidation. CO is easily dissociated at high temperatures, and as it diffuses away from the wall, CO dissociates into C. According to Eq. (8), the equilibrium vapor pressure of C 3 at T w ¼ 2;500 K is as small as 0.107 Pa. Hence, the occurrence of sublimation of C 3 is negligible.
Temperatures on the stagnation streamline for T w ¼ 2;500 K are plotted in Fig. 3 , where T tr , T v and T e denote the translational, vibrational and electron temperatures, respectively. Vibrational and electron temperatures show similar features except near the shock. It can be seen that these two temperatures are in nonequilibrium with translational temperature in the region from y=y sh ¼ 1 (shock) to y=y sh ' 0:3. The three temperatures are almost in equilibrium in the range from y=y sh ' 0:3 to y=y sh ' 0:1. Electron and vibrational temperatures deviate slightly from translational temperature in the vicinity of the wall. Immediately behind the shock, electron temperature rises very rapidly. This could be due to the large thermal conductivity of electrons. According to Nishimura et al., 12) any value of electron temperature immediately behind the shock gives the same profile except for the ultimately thin layer immediately behind the shock. Therefore, the boundary condition of electron temperature immediately behind the shock does not influence the overall profile of electron temperature in the shock layer. Figure 4 shows the mole fractions of carbonic species on the stagnation streamline for T w ¼ 3;500 K. Unlike the results shown in Fig. 2 , the mole fraction of C 3 is comparatively large in the vicinity of the wall. The equilibrium vapor pressure of C 3 at T w ¼ 3;500 K is 4.55 Pa, which is larger than the partial pressure of C 3 . This leads to significant sub- limation of C 3 , which is almost the sole ablation factor in this case. Away from the wall, C 3 is dissociated rapidly into C 2 and C, and then these two species are recombined with air species into CN and CO 2 .
The profiles of air species on the stagnation streamline for T w ¼ 3;500 K are very similar to those for T w ¼ 2;500 K shown in Fig. 1 and, except for those very near the wall, the features of temperatures on the stagnation streamline for T w ¼ 3;500 K are very similar to the results for T w ¼ 2;500 K shown in Fig. 3 . Consequently, these two results for T w ¼ 3;500 K are not shown here.
Suzuki et al. 4) showed the mass fractions of carbonic species on the stagnation streamline for NCW and T w ¼ 3;000 K at an altitude of 60.7 km. According to them, the dominant carbonic species in the vicinity of the wall is CO whereas C is dominant away from the wall. This feature is similar to the present result for T w ¼ 2;500 K shown in Fig. 2 rather than that for T w ¼ 3;500 K shown in Fig. 4 . Figure 5 shows the variations of the stagnation heat flux against wall temperature for both FCW and NCW. In both cases, heat flux is rapidly decreased with an increase in temperature at wall temperatures over 3,200 K, and the effect of ablation on the reduction of heat flux is ultimately small at wall temperatures below 3,200 K. This could be explained because as shown in Fig. 2, C 3 is not identified in the case of T w ¼ 2;500 K, which shows negligible reduction of heat flux by sublimation. On the other hand, generation of C 3 due to sublimation can be identified at relatively high wall temperatures as shown in Fig. 4 . Hence, sublimation of C 3 becomes significant at wall temperatures above 3,200 K, which contributes to the reduction of heat flux. Figure 6 shows emission spectra observed at the stagnation point with and without ablation calculated by SPRADI-AN 2) for T w ¼ 3;500 K. Strong line spectra from N, N þ and O are identified below 2,000
A and over 7,000
band spectra are also observed in the range from 3,000 A to 5,000
A. In the case without ablation, the radiative heat flux to the wall is 0.88 MW/m 2 . The result for ablation shows that line spectra of C and band spectra of CN(Violet) and C 2 (Swan) are observed, and the radiative heat flux to the wall is 1.06 MW/m 2 . Thus, the radiative heat flux with ablation is larger than that without ablation. The difference between radiative heat fluxes with and without ablation is only 0.18 MW/m 2 , which is sufficiently small compared to convective heat flux.
Concluding Remarks
A thermochemical nonequilibrium flow around a superorbital reentry capsule with ablation heat protection was analyzed numerically by using the full-viscous-shock layer equations with a 3-temperature model, and aerodynamic heating was estimated. The ablation by sublimation becomes significant at wall temperatures over 3,200 K, whereby the heat flux is reduced. On the other hand, when the wall temperature is low, sublimation is not active and heat flux is hardly reduced. It was also shown that ablation species increase the radiative heat flux slightly. 
